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The large surface-to-volume ratio in atomically thin 2D materials allows to efficiently tune their
properties through modifications of their environment. Artificial stacking of two monolayers into a
bilayer leads to an overlap of layer-localized wave functions giving rise to a twist angle-dependent
hybridization of excitonic states. In this joint theory-experiment study, we demonstrate the impact
of interlayer hybridization on bright and momentum-dark excitons in twisted WSe2 bilayers. In
particular, we show that the strong hybridization of electrons at the Λ point leads to a drastic redshift
of the momentum-dark K-Λ exciton, accompanied by the emergence of flat moiré exciton bands
at small twist angles. We directly compare theoretically predicted and experimentally measured
optical spectra allowing us to identify photoluminescence signals stemming from phonon-assisted
recombination of layer-hybridized dark excitons. Moreover, we predict the emergence of additional
spectral features resulting from the moiré potential of the twisted bilayer lattice.
Manufacturing of artificially stacked multilayer mate-
rials has recently become technologically feasible [1–4].
In particular, encapsulation techniques using hexagonal
boron nitride have greatly improved the homogeneity of
monolayer material properties [5, 6]. Apart from the
possibility to further miniaturize existing semiconductor
technologies, the large surface-to-volume ratio in mono-
layers of transition metal dichalcogenides (TMDs) addi-
tionally allows to externally tailor the materials’ prop-
erties in an unprecedented scope. More specifically, the
stacking of two monolayers and the resulting overlap of
electronic wave functions gives rise to a hybridization
of the corresponding quantum states [7–9]. In homo
bilayers, where the electronic bands of the composing
monolayers are energetically degenerate, the interlayer
hybridization becomes dominant and significantly mod-
ifies the bilayer eigenstates. Recent studies have shown
that the hybridization and thus the bilayer band struc-
ture can be externally tuned by controlling the stacking
angle [10, 11]. Moreover, moiré patterns created through
the misaligned monolayer lattices allow to create tailored
arrays of trapping potentials [12–16] and potentially give
rise to flat bands and superconductivity [17–20] similar
to the case of twisted bilayer graphene.
Studies on interlayer hybrid moiré excitons have so far
mostly focused on the optically active intravalley excitons
located at the K point [9, 15, 16, 21]. While this restric-
tion is often sufficient in monolayers due to their direct
band gap at the K point, the conduction band minimum,
e.g. in tungsten-based homo bilayers, is located rather at
the Λ point and the associated optically dark intervalley
K-Λ excitons represent the energetically lowest and there-
fore dominant exciton species [22–24]. In this work, we
combine density matrix formalism, ab initio calculations
and optical experiments to investigate layer-hybridized
intervalley excitons in twisted bilayer WSe2 (tWSe2). We
find that hybridization and resulting moiré effects are
small at the K point giving rise to either intra- or in-
terlayer excitons. In contrast, electrons at the Λ point
are strongly delocalized across both layers, resulting in
a drastic redshift of the K-Λ exciton and in the emer-
gence of flat moiré bands at small twist angles. In good
agreement between theory and experiment, we find clear
twist-angle dependent photoluminescence signatures of
the dark K-Λ excitons in tWSe2.
Excitonic bandstructure. In this work, we focus
on the low energy excitations close to the band edges
at different high symmetry points of the hexagonal Bril-
louin zone (BZ) in TMDs, cf. Fig. 1(a). Here, minima
of the conduction band are located at K,Λ,Λ′,K ′, while
valence band maxima can be found at K,Γ,K ′. When
the two layers are twisted by an angle θ, the two mono-
layer BZs rotate accordingly (Fig. 1(a)). The overlap of
electronic wave functions of the two layers gives rise to
a hybridization of electronic states. Hereby, only states
with the same quasi-momentum can hybridize, so that
the twist angle is the key parameter determining which
parts of the two band structures mix.
The interlayer interaction strength is determined by
the wave function overlap of the two adjacent layers and
is therefore strongly valley-dependent. The conduction
band wave function e.g. at the Λ point has a significant
contribution at selenium atoms giving rise to a strong
overlap, cf. Fig. 1(b). In contrast, at the K point
the wave function is mostly composed of d orbitals lo-
calized at tungsten atoms, so that the K point electrons
are well protected from the environment [25, 26]. We
apply density functional theory to calculate parameters
for the interlayer interaction strength and use standard
literature parameters for the electronic bandstructure in
single monolayers (effective masses, valley separations).
These input parameters are used to set up a realistic ex-
citon model in the vicinity of band extrema within the
density matrix formalism. Fig. 1(c) schematically illus-
trates valence and conduction band of the two monolayers
(red and blue) for the most important K and Λ valley.
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2Figure 1. Exciton hybridization in twisted bilayer TMDs.
(a) High-symmetry points in the Brillouin zone (BZ) and
mini-Brillouin zone (mBZ) at a specific twist angle θ. (b)
Partial charge density for conduction band electrons at the K
and Λ point obtained with DFT calculations. (c) Schematic
electronic bandstructure at the K and Λ valley of the two
twisted layers (red and blue, respectively) as well as possible
intra- (X) and interlayer excitons (iX). (d) Schematic exci-
ton center-of-mass dispersion without hybridization as well
as hybridized K-Λ state hX (green). Intra- and interlayer K-
K’ dispersions are shifted by the momentum κ ∼ θ. (e) The
periodic mixing of discrete momenta at the K point can be
described by the mixing of different subbands with the same
momentum in a zone folding scheme (cf. open circles).
As a result of the strong Coulomb interaction in 2D sys-
tems, electrons and holes in TMDs are strongly bound
into excitons [27]. A monolayer can host intravalley exci-
tons at the K point (denoted by X) as well as intervalley
excitons [28, 29] such as X(K-Λ), where electron and hole
are located at the Λ and the K valley, respectively. In
a bilayer system, we additionally find interlayer excitons
(denoted by iX) with electrons and holes located in dif-
ferent layers [2, 4, 14, 30]. Although spatially separated,
they still have binding energies in the range of 100meV
[4, 30] and can also be momentum-indirect. In order to
account for the strong Coulomb interaction in TMDs, we
transform the bilayer Hamiltonian into an exciton basis,
giving rise to a modified energy landscape in terms of
intra- and interlayer-type excitons.
Fig. 1(d) shows schematically the exciton dispersion
in a bilayer without (red and blue) and with accounting
for hybridization effects (green). In the exciton basis,
the hybridization of electronic states corresponds to a
mixing of intra- and interlayer excitons. The energy of
the hybrid exciton hX(K-Λ) can be approximated by the
well-known avoided crossing formula
EhX,±Q =
1
2
(EiXQ + E
X
Q)±
1
2
√
∆E2Q + 4|T |2, (1)
with ∆EQ = EiXQ − EXQ. The interlayer interaction
strength T contains the overlap of electronic states
weighted by the in-plane excitonic wave functions, cf.
supplementary material. Note that in Eq. 1 only excitons
with the same center-of-mass momentum can hybridize.
When considering interlayer hopping of electrons/holes
at the K point this momentum conservation is modified.
Since there are three equivalent K points within the first
BZ, a K point electron in one layer mixes with three mo-
menta of the other layer. The mixing of discrete momenta
in different layers can be interpreted in real space as a
quasi-free electron interacting with a periodic potential
created by the moiré pattern. Consequently, this super
lattice gives rise to a zone folding into a mini-Brillouin
zone (mBZ) [Fig. 1(a)] and the emergence of a series
of subbands illustrated in Fig. 1(e). Within the mBZ
the hybridization of bands only occurs at a fixed mo-
mentum, however the mixing can involve different moiré
subbands [31]. In contrast to the K point, high-symmetry
points deep within the BZ (such as Λ and Γ) only have
equivalent states outside of the first BZ. Since interlayer
hopping strongly decreases for large momenta, this addi-
tional mixing is negligible [32], so that the dispersion at
the Λ and Γ valley does not split into subbands.
Based on ab initio parameters [33] we set up a Hamil-
tonian in second quantization using layer localized eigen-
states in the effective mass approximation as the ba-
sis. This Hamiltonian is then transformed into an exci-
ton frame [34–36] based on intra- and interlayer exciton
states obtained from solving the bilayer Wannier equa-
tion [4, 30, 37]. Finally, the excitonic Hamiltonian con-
taining eigenenergies and interlayer interaction is diago-
nalized using a zone-folding approach [31] and focusing
on the excitonic ground state. The interlayer interaction
strength is extracted from the band splitting at different
high-symmetry points in a perfectly aligned bilayer. The
latter is calculated with density functional theory in the
Perdew-Burke-Ernzerhof approximation, as implemented
in the Quantum ESPRESSO package [38]. A detailed de-
scription of the developed microscopic approach to cal-
culate energies and wave functions of layer hybridized in-
tervalley moiré excitons in twisted bilayer TMDs is given
in the supplementary material.
Figure 2 shows the calculated exciton bandstructure
for K-K and K-Λ excitons within their respective mBZ
for tWSe2 on a SiO2 substrate. Here, the γ-point in the
K-Λ mBZ corresponds to Q = Λ. We have chosen two
representative configurations: Figure 2(a) and (b) show
K-K and K-Λ dispersion at the 2◦ twist angle with the
3R stacking as reference (parallel, P stacking), while (c)
and (d) correspond to the equivalent twist angle, however
starting from the 2H configuration (anti-parallel, AP-
stacking). The line colour reflects the projection of the
3Figure 2. Excitonic center-of-mass dispersion within the cor-
responding mBZ for 2◦ twisted (a)-(b) and 58◦ twisted (c)-
(d) bilayer WSe2 on SiO2. For the bright K-K excitons [a,c]
electrons and holes are tightly pinned to one of the two lay-
ers yielding either pure intra-(red) or interlayer exciton states
(blue). The grey lines show the dispersion without taking
into account hybridization. For the momentum-dark K-Λ ex-
citons [b,d] the pronounced delocalization of electrons at Λ
across both layers gives rise to a much stronger exciton hy-
bridization (orange-green). Energies are plotted relative to
the hybrid K-K exciton, respectively.
exciton state onto an intralayer exciton. Here, red/blue
corresponds to a pure intralayer/interlayer exciton, while
green represents a 50/50 mix of both exciton types.
First, we discuss the properties of K-K excitons
[Fig.2(a) and (c)]. For both stackings, we find very
weak hybridization effects and the obtained dispersions
are well described by the intra- and interlayer exciton
energies without accounting for interlayer hybridization
(grey lines). The microscopic reason is the small wave
function overlap of the adjacent layers. The electronic
wave functions at the K point are mostly composed of
d orbitals localized at tungsten atoms, which are sand-
wiched by the selenium atoms [Fig.1(b)]. This results in
a valence band tunnelling strength of about 10meV and
a negligible coupling of the conduction bands (0.2meV).
In the case of P-stacking (2◦), the electronic bands of
both layers are initially degenerate [Fig. 1(c)]. However,
when accounting for the Coulomb interaction, we find
that the interlayer exciton has a much weaker binding
energy than the intralayer exciton, so that the minima
of their respective parabolas are energetically separated
by about 75meV [Fig. 1(d)]. This detuning suppresses
hybridization and the resulting redshift of the ground
state is less than 5meV. For AP-stacking (58◦), the or-
dering of the spin-split bands in the two layers is inverted.
Therefore, the hole-hopping is entirely blocked due to the
large spin-orbit-coupling in the valence band, resulting in
a negligible red-shift.
Now, we discuss the dispersion of K-Λ excitons
[Fig.2(b) and (d)]. Here, we find a very strong hybridiza-
tion of K-Λ intra- and interlayer excitons in particular
for P-stacking (2◦). The conduction band wave func-
tion at Λ has large contributions at the selenium atoms
[Fig.1(b)], so that the hopping integral is one order of
magnitude larger (T∼170meV) than that of the K point,
giving rise to an efficient mixing. For P-stacking, the
delocalization of electrons at the Λ valley leads to a red-
shift of about 125meV (non-hybridized K-Λ states not
shown), while the splitting of different moiré subbands
in the range of 10meV is entirely mediated by the holes
at the K point. Considering both electron and hole hop-
ping, combined with the large effective mass at the Λ
point, this gives rise to the emergence of an almost flat
K-Λ band at approximately 160meV below the bright K-
K exciton. The observed opening of an excitonic gap is
a result of the periodic potential influencing the exciton
center-of-mass motion. Considering the long lifetime of
the optically dark K-Λ excitons, the flat bandstructure
can potentially facilitate excitonic Bose-Einstein conden-
sation, exciton super fluidity and other exotic bosonic
states [17, 39]. Moreover, flat bands correspond to van-
ishing exciton group velocities and can therefore also be
interpreted as the emergence of moiré trapped exciton
states.
Finally, when considering K-Λ excitons for AP-
stacking, we find that both the hybridization, as well
as the splitting of moiré subbands becomes strongly re-
duced. The large spin-orbit-coupling in the conduction
band at the Λ point and in the valence band at the K
point strongly quenches the interlayer hopping. However,
despite the large separation between intra- and interlayer
exciton, the strong overlap of electronic wave functions
at the Λ valley still leads to a significant delocalization
of electrons resulting in a red-shift of the K-Λ exciton by
about 100meV.
Several theoretical as well as experimental studies have
previously suggested that already in the case of WSe2
monolayers, the large mass of Λ electrons gives rise to
an enhanced exciton binding energy, so that the K-Λ ex-
citon can be energetically below the bright K-K exciton
[40–44]. However, due to the comparably small energy
difference between K-K and K-Λ and the existence other
lower lying dark states, the presence of the K-Λ exciton
is often neglected in literature. In agreement with recent
ab initio studies [23], we find that in the case of tWSe2
the strong interlayer hybridization of Λ electrons leads to
a drastic redshift of the K-Λ exciton, so that it is by far
the lowest lying exciton state. Furthermore, we find that,
in contrast to the bright K-K excitons, hybridization and
moiré effects dominate the properties of the momentum-
dark K-Λ excitons in tWSe2.
4Figure 3. Calculated twist-angle dependent absorption spec-
trum of a WSe2 bilayer on SiO2. Energies are plotted with
respect to the intralayer exciton without considering inter-
layer hybridization [white dashed line in (a)]. While panel (a)
shows the continuous evolution with twist angle, (b) contains
cuts at different angles. The multiple resonances correspond
to the moiré subbands at the γ point in the mBZ (Fig. 1(e)),
whose oscillator strength is given by their projection onto the
bright Q = 0 excitons. The dashed lines in (b) illustrate spec-
tra with a more realistic experimental excitonic linewidth of
5meV.
Absorption spectra. Now, we investigate how the
hybridization and moiré effects discussed above impact
the optical fingerprint of tWSe2. We first perform mi-
croscopic calculations of absorption spectra. We derive
a Hamilton operator for the exciton-light interaction of
layer-hybridized moiré excitons, cf. the supplementary
material. Based on the new matrix elements, we general-
ize the excitonic Elliot formula [45], so that the absorp-
tion coefficient ασ for σ-polarized light reads
ασ(E) =
∑
ν
=m
[
Aνσ
Eν0 − E − i(γζν + Γζν)
]
, (2)
where the sum is performed over all moiré subbands ν,
each contributing a Lorentzian response at its energy
Eν0 at Q = 0 (the γ point of the mBZ) characterized
by the oscillator strength Aνσ and a linewidth deter-
mined by the radiative and non-radiative dephasing (γζν
and Γζν). In a monolayer, only the exciton with zero
center-of-mass momentum can interact with light, giv-
ing rise to a single optical resonance. In contrast, we
find here that in principle the whole series of moiré sub-
bands contributes to the optical response [21, 46]. Figure
3 shows the twist-angle-dependent absorption spectrum
in tWSe2 for P-stacking, where hybridization and moiré
effects are most pronounced. For twist angles ≥2◦, we
find a single resonance corresponding to the intralayer
exciton (white dashed line), while its position is slightly
red-shifted due to the weak interlayer hopping of K holes.
When decreasing the twist angle to 1◦, the redshift in-
creases and an additional peak appears. The position
of this second peak is also moving down in energy with
a quadratic dependence on the twist angle. However,
instead of merging, the two peaks undergo an avoided
crossing behaviour, while the oscillator strength is trans-
ferred to the higher-energy peak with further decreas-
ing angles, cf. Fig. 3(b). At even smaller twist angles
≤0.5◦, further high-energy moiré peaks appear including
twist-angle-dependent red-shifts, avoided crossings and a
transfer of oscillator strength. The appearance of addi-
tional peaks occurs in decreasing angle intervals so that
the different resonances merge into a single peak at angles
close to zero.
The microscopic origin of these additional moiré res-
onances is the modified momentum conservation in the
moiré super lattice. In conventional semiconductors, only
excitons with approximately zero center-of-mass momen-
tum interact with light as the in-plane momentum pro-
vided by the photon is negligibly small. In contrast, ex-
citons in a superlattice can scatter with a moiré lattice
vector [31] bn = (Cn3 − 1)κ (cf. Fig. 1a). Therefore, not
only excitons with Q = 0 couple to light, but in principle
all excitons with momenta coinciding with a γ point of
a certain mBZ do. As a result, all exciton subbands in
the centre of the mBZ obtain an oscillator strength, that
however depends on how strongly they are hybridized
with the original intralayer Q = 0 exciton. We find that
this oscillator strength is not pinned to the lowest lying
exciton subband, but moves upwards in the series of sub-
bands at γ as the twist angle decreases. This finding is
consistent with the fact that for θ → 0, the mBZ col-
lapses into a single point so that the number of states
at γ increases until they become continuous. At θ = 0,
the oscillator strength of the continuous γ states is dis-
tributed in such a way that the resulting optical response
resembles the simple Lorentzian peak obtained for a per-
fectly aligned bilayer.
The predicted peak splittings are energetically small
due to the weak interlayer coupling at the K point of
WSe2 and can only be resolved for very small exciton
linewidths in the range of Γ = 1meV. In experiments
performed at low temperatures and using hBN encapsu-
lation, we still expect a larger dephasing due to efficient
phonon emission and scattering into the lower lying K-
Λ states, so that the calculated moiré features will be
smeared out into a single peak, cf. dashed lines in Fig.
3(b) with linewidth Γ = 5meV.
Photoluminescence spectra. While linear optical
transmission/absorption is only sensitive to the bright
(momentum-direct, spin-like, s-type) excitons, photolu-
minescence (PL) measurements in particular at low tem-
peratures provide access to exciton states with very low
oscillator strength. Here, the large occupation of the en-
ergetically lowest state as well as the long integration
time of the photodetector enable us to measure signals
stemming from more improbable transitions, such as the
indirect phonon-assisted recombination of momentum-
dark exciton states. In a recent work [44], we developed a
microscopic formalism for the phonon-assisted PL stem-
ming from dark intervalley excitons. Here, we general-
ize this approach to interlayer hybrid moiré excitons (cf.
5the supplementary material) and show how the emission
spectrum of tWSe2 bilayer evolves with the twist angle.
For the photon emission signal Iσ perpendicular to the
bilayer we find
Iσ(E) ∝
∑
ζν
Aˆζνσ(E)
(
γζνN
ζ
ν0 +
∑
ζ′ν′q
Bˆζ
′ζ
ν′νq(E)N
ζ′
ν′q
)
.(3)
with Aˆζνσ(E) = Aζνσ[(Eζν0 − E)2 + (γζν + Γζν)2]−1 and
Bˆζ
′ζ
ν′νq(E) = =m
∑
α± |Dζ
′ζ
ν′ν(α,q)|2η±αq[Eζ
′
ν′q±~Ωαq−E−
iΓζ
′
ν′ ]
−1. Here, we have introduced the exciton valley in-
dex ζ = K −K,K −Λ,K −K ′, ... and the exciton occu-
pation density NζνQ. Moreover, Ωαq denotes the phonon
frequency of mode α at momentum q and the phonon
occupation factor η±αq = 1/2∓1/2 +nB(Ωq) involves the
Bose distribution nB , weighting phonon absorption (+)
and emission (-) processes. While the first part in Eq. 3
contains direct radiative decay, the second part accounts
for phonon-assisted recombination. Here, an exciton in
state (ζ ′, ν′) scatters to a virtual state within the light
cone (Q ≈ 0) via emission or absorption of a phonon and
subsequently emits a photon with the remaining energy.
The exciton-phonon scattering strength is determined by
the effective matrix D [47–49], which is integrated over
all possible moiré Umklapp processes [50], cf. the sup-
plementary material.
Figure 4 shows the twist-angle and temperature-
dependent PL of tWSe2. Both for P- and AP-stacking,
we find two distinct PL signals. The energetically higher
peak at around 1.7 eV is independent of the twist angle
and reflects the recombination of the weakly hybridized
bright K-K excitons. In contrast, the energetically lower
peak undergoes a twist angle-dependent shift in the range
of several 10s of meV. This peak is a result of phonon-
assisted photoluminescence of the momentum-dark K-
Λ excitons. Since the energy of the phonons involved
changes only weakly with the stacking angle [50], the
evolution of the peak directly reflects the energetic shift
of the K-Λ exciton induced by interlayer hybridization.
There are two microscopic aspects, which give rise to a
decreased hybridization resulting in the predicted blue-
shift when twisting the bilayer away from the commen-
surate alignment at 0 and 60◦. Increasing the twist angle
leads to an increased momentum shift of intra- and inter-
layer exciton dispersion. This results in (i) an increased
detuning between intra- and interlayer dispersions at the
γ point in the mBZ, and (ii) a reduced excitonic hopping
integral due to a decreased in-plane overlap of excitonic
wave functions. Moreover, we find a clear asymmetry
between the P and AP stacking. This asymmetry is a
result of the inverted ordering of spin-split states in the
two adjacent layers for the AP-configuration resulting in
a suppressed hybridization as discussed in Fig. 2.
In Figs. 4(a) and (b) the temperature is very low
(4K) and therefore we only observe two K-Λ resonances,
stemming from recombination of excitons in the lowest
moiré subband assisted by the emission of either opti-
cal or acoustic Λ phonons. Figure 4(c) shows the cal-
Figure 4. Photoluminescence (PL) spectra of a twistedWSe2
on SiO2. Twist-angle dependent PL calculated for (a) anti-
parallel and (b) parallel stacking at 4K. Direct comparison of
(c) calculated and (d) experimentally measured PL for dif-
ferent temperatures at a fixed angle of 5◦. The gray curves
show the spectra at 4K and 55◦. (e) Phonon-assisted PL of
K-Λ excitons at 2◦ and 70K. We predict a symmetric phonon-
sideband and high energy shoulders resulting from the flat
exciton bands and higher-order moiré subbands (Fig. 2(b)).
The dashed curve shows 5◦ PL for comparison.
culated PL spectrum at a fixed twist angle of 5◦ at
three different temperatures. With increasing tempera-
ture all signals become broader due to enhanced phonon-
induced dephasing, which was phenomenologically cho-
sen to increase linearly with temperature (cf. supple-
mentary material). Moreover, the exciton distribution
becomes broader in energy, giving rise to an enhanced
high energy tail of the K-Λ peak and a relative increase
of the direct K-K emission. Note that the K-K exciton
peak remains symmetric at all temperatures as a result
of the momentum selection rules. These are absent for
K-Λ excitons due to the assistance of a phonon, so that
the shape of the phonon side band reflects the energetic
distribution of K-Λ excitons. Finally, at higher tempera-
tures we predict the emergence of an additional peak at
approximately 1.58eV. This peak is related to the decay
of a K-Λ exciton assisted by the absorption of an acoustic
phonon, the probability of which is proportional to the
phonon occupation number.
Now, we directly compare the theoretically predicted
with experimentally measured PL of a WSe2 bilayer
6twisted by 5◦, cf. Fig.4(d). Details on the sample prepa-
ration and experimental set-up can be found in the sup-
plementary. We find a good agreement between theory
and experiment in terms of the energetic positions of ex-
citonic resonances as well as the evolution with temper-
ature of the line shapes. In particular, the emergence of
the asymmetric broadening towards higher energies is a
strong indicator for the correct microscopic assignment of
the low energy peak to a phonon-assisted recombination
of K-Λ excitons. Moreover, when comparing 5 and 55◦
(grey curve) measurements we also find a similar shift of
the K-Λ peak in theory and experiment, which further
verifies the validity of our microscopic model.
Finally, we consider the case of low twist angles and
intermediate temperatures allowing us to capture moiré
features of dark intervalley excitons. Fig.4(e) displays
the calculated PL spectrum at 2◦ and 70K (black solid
line) in the vicinity of the largest phonon side peak.
Just as in the case of 5◦ we find three phonon-assisted
peaks reflecting the decay of the energetically lowest K-Λ
moiré band (KΛ1), assisted by the emission of acoustic (-
20meV) and optical Λ phonons (main peak at 0meV) or
the absorption of an acoustic phonon (+25meV). How-
ever, when comparing the emission signal with the 5◦
spectrum (dashed line) we find two important differences:
(i) while the 5◦ peaks are asymmetrically shaped reflect-
ing the Boltzmann exciton distribution, the peaks at 2◦
are much narrower and appear fully symmetric. This
reflects the almost discrete density of states for the flat
K-Λ moiré band predicted at 2◦, cf. Fig. 2(b). (ii) We
predict the appearance of an additional peak at about
10meV above the main peak, which results from the oc-
cupation of higher order moiré bands (KΛ2 and KΛ3)
decaying through emission of an acoustic phonon. The
contributions of different moiré bands to the overall PL
signal are shown as coloured curves. This additional peak
is an indicator for the quantization of the center-of-mass
motion, since it reflects a discontinuity in the density
of states. Additionally, the symmetric line shape of the
phonon side band can be used as an indicator for the
existence of moiré trapped dark intervalley excitons.
Conclusion. In summary, we have developed
a microscopic model combining density-matrix and
density-functional theory to calculate the excitonic
bandstructure as well as absorption and PL spectra
in twisted TMD homobilayers. Our approach explic-
itly includes the emergence of momentum-direct and
indirect intra- and interlayer excitons and accounts
for hybridization and moiré effects. We find that in
contrast to the excitons at the K point, the energetically
lowest K-Λ excitons are strongly delocalized over both
layers resulting in pronounced hybridization effects. The
phonon-sidebands of these momentum-dark excitons
in the low temperature PL provide direct access to
the twist-angle dependent interlayer hybridization.
Moreover, for small twist angles we predict a symmetric
phonon-sideband and high energy shoulders resulting
from the flat exciton bands and higher order moiré
subbands, respectively. Our work contributes to a better
understanding of exciton and moiré physics in van-
der-Waals stacked multilayer systems and will trigger
future studies on hybrid excitons in twisted 2D materials.
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